Literature suggests that pain perception diminishes in old age. The most recent review used search strategies conducted over a decade ago and concluded that study findings were equivocal. The aim of this systematic review, with meta-analysis, was to determine age-related changes in pain sensitivity in healthy pain-free adults, children and adolescents. A search of PubMed, Science Direct, and PsycINFO identified studies that compared pain sensitivity response to noxious stimuli at different time points in the lifespan of healthy individuals. Selected studies were assessed for methodological quality and data pooled and meta-analysed. Publication bias was tested using Funnel plots. Twelve studies were included in the review (study sample sizes 30-244 participants). Seven of nine studies found statistically significant differences in pain sensitivity response between old (mean AE SD 62.2 AE 3.4 to 79 AE 4 years) and younger adults (22 AE 1.5 to 39.1 AE 8.8 years), but the direction of change was inconsistent. Metaanalysis found that pressure pain threshold was lower in old adults compared with younger adults (p = 0.018, I 2 = 60.970%). There were no differences in contact heat pain thresholds between old and younger adults (p = 0.0001, I 2 = 90.23%). Three studies found that younger children (6-8.12 years) were more sensitive to noxious stimuli than older children (9-14 years). Methodological quality of studies was high, with a low risk of publication bias. There was substantial statistical and methodological heterogeneity. There is tentative evidence that pressure pain threshold was lower in old adults compared with younger adults, with no differences in heat pain thresholds. Further studies are needed. Significance: There is tentative evidence that old adults may be more sensitive to mechanically-evoked pain but not heat-evoked pain than young adults. There is a need for further studies on age-related changes in pain perception.
Introduction
It is claimed that pain sensitivity to noxious stimuli varies across the lifespan and that pain perception decreases in old age in healthy pain free individuals (Yezierski, 2012) . Research findings from studies investigating age-related changes in experimentallyinduced pain are inconsistent with some studies finding that pain threshold increases with age (e.g. Jensen et al., 1992; Chakour et al., 1996) and others that pain threshold decreases with age (Pickering et al., 2002; Lautenbacher et al., 2005) . Stimulus modality may influence outcome. Gibson et al. (1991) and Lariviere et al. (2007) found that heat pain threshold increased with age whereas Pickering et al. (2002) , Lautenbacher et al. (2005) and Cole et al. (2010) found that blunt pressure pain threshold decreased with age. There are inconsistencies between and within study findings using the same stimulus modality. Marouf et al. (2014) found lower electrical pain thresholds for individuals aged between 56 and 75 years compared with individuals aged 18-48 years, whereas Helme et al. (2004) found that elderly individuals (mean = 78.9 years) had higher electrical pain thresholds than younger individuals (mean = 30.2 years). Harkins and Chapman (1976) found no differences in electrical pain threshold of tooth pulp between young and old adults. Huang et al. (2010) found that cold pain thresholds increased with age yet heat pain thresholds decreased with age in a sample of 274 healthy adults aged 23-87 years.
There are relatively few reviews on age-related changes in pain sensitivity response. Comprehensive reviews by Gibson and colleagues suggest that pain perception decreases in old age, although study findings were generally equivocal (Gibson and Helme, 2001; Gibson and Farrell, 2004) . A metaanalysis by Lautenbacher (2012) of data from 24 studies identified by a search undertaken in 2006, suggested that pain threshold increased in old age. However, data from seven studies suggested that pain tolerance decreased in old age. Despite the apparently contradictory direction of sensitivity change in pain threshold and tolerance Lautenbacher (2012) concluded that experimental findings supported the assumption that pain perception is diminished in elderly people.
Over ten years have elapsed since a systematic search and analysis of research was undertaken. The aim of this systematic review, with meta-analysis, was to determine age-related changes in pain sensitivity response in healthy pain-free adults, children and adolescents.
Methods

Criteria for considering studies for this review
Reports were included for review if they reported the findings of an empirical study that measured age-related pain outcome in response to noxious stimuli in healthy, otherwise pain-free individuals with no upper or lower age limit. Outcome measures were stimulus evoked pain threshold, pain tolerance and ratings of pain intensity or unpleasantness. Studies were included if they compared outcomes between two or more groups of participants categorised according to age or if they reported reference values for outcomes across age categories. There were no language restrictions with non-English reports translated if necessary.
Search methods for identification of studies
A search of the electronic databases PubMed, Science Direct, PsycINFO and the Cochrane Systematic Review database was undertaken on August 2016. The search strategy combined controlled vocabulary (i.e. medical subject headings (MeSH) and free-text terms using the keywords: Experimental [All Fields] AND Pain [MeSH OR All Fields] AND Age [All Fields OR Journal] . A manual search of the reference lists of potentially relevant reports, including systematic reviews, was undertaken to identify additional studies.
Selection of studies
Search results were managed using ENDNOTE version 7 software, Clarivate Analytics, Boston, MA, USA. Two reviewers (El Tumi and Dantas) independently screened titles and abstracts to identify potentially relevant studies for review. The full text reports of potentially relevant studies were obtained and assessed against selection criteria using a standard checklist. Disagreements were resolved by consensus using a third reviewer as arbiter (Tashani). The names and institutions of authors, journal name and study results were not blinded during screening or at any stage of the review. The Preferred Reporting Items for Systematic Reviews and Meta-Analyses (PRISMA) guidelines were followed (Moher et al., 2009 ).
Data extraction and analysis
The following study data was extracted independently by two reviewers (El Tumi and Dantas): demographics for total sample and age categories; stimulus modality; outcome measures; and outcome data including statistical test and p value. Data was categorised as young or old according to criteria reported by the investigators of the original study, providing the young group was not older than 50 years and the old group was >60 years, based on criteria used by the United Nations (Snaedal, 2011) . This cut-point increases the likelihood of women in the old group being post-menopause. For children and adolescents young and older age-categories were according to that reported by the investigators of the original study.
Methodological quality assessment
The methodological quality of included studies was independently assessed by the two reviewers (El Tumi and Dantas) using a 14 item tool that had been developed to evaluate primary research from a variety of fields (Kmet et al., 2004) . The tool has good test-retest and inter-rater reliability scores with discrepancy between raters of <14% (Kmet et al., 2004) . We removed three items that were specific to intervention trials. Each criterion was scored Yes = 1, Partial = 1, or No = 0 and the arbiter (Tashani) was used to resolve disagreement between reviewers. An average of two scores was assigned (i.e. 0.5, 1.5) when all three reviewers could not agree. A score of >70% was considered high quality. Very poor quality studies were not included in the meta-analysis.
Statistical method for the meta-analysis
We planned to conduct a meta-analysis if there were more than three high quality studies using similar pain induction techniques and outcome measures (e.g. pain threshold, pain tolerance and pain intensity) reported mean, standard deviation, and p value (s). Graph pad (quick calcs, www.graphpad.com/quic kcalcs) was used to calculate p values and/or standard deviations (SD) from standard errors if these were not available in the study report. Comprehensive Meta-analysis Software (www.meta-analysis.c om) was used to test whether data was fit for pooling and to perform the meta-analysis. The z value, p value and standardised difference in mean with 95% confidence interval were calculated for each study. Results were presented as pooled mean effect size with 95% confidence intervals. Statistical heterogeneity between studies was tested using Cochran's Q statistic (Cochran's Q-test, Fleiss, 1981) and was quantified using the I 2 statistic where I 2 values of 25%, 50%, and 75% correspond to cut-points for low, moderate, and high degrees of heterogeneity respectively (Higgins and Green, 2011; Alabas et al., 2012; Higgins et al., 2003) . A random-effect model was used for meta-analysis because of the presence of heterogeneity Borenstein et al. (2009) . The potential for publication bias was examined in funnel plots of pooled data.
Results
Of the 1172 titles and abstracts identified in the literature search, 1137 were not relevant because they did not investigate age or experimentally-induced pain (Fig. 1) . Full reports of 35 potentially relevant studies were retrieved and subjected to further scrutiny. Twenty three potentially relevant studies were excluded because age was not reported (n = 7); there were no pain outcome data (n = 7); there was no comparison of pain outcomes between age groups (n = 5); pain induction techniques were not appropriate (n = 2); the report was a secondary analysis of an included study (n = 1); the report was a review (n = 1, Supporting Information Appendix S1).
Characteristics of included studies
Twelve studies were included in review with sample sizes between 30 and 244 participants (Table 1) . There were more female than male participants in five studies, more males than females in three studies and equal number of males and females in four studies. The age of participants was between 6 and 79 years. Three studies investigated children and adolescents between 6 and 18 years (Lu et al., 2007; Blankenburg et al., 2010 Blankenburg et al., , 2011 . Nine studies investigated adults between 18 and 88 years. Ten studies used thermal stimuli, six studies used mechanical stimuli, two studies used electrical stimuli, one study used laser and one study used ischaemic pain. Seven studies investigated pain sensitivity response to more than one stimulus modality. Eight studies measured pain threshold, three studies measured pain tolerance and two studies measured pain intensity rating. Three studies measured more than one pain outcome measure. Funnel plots suggested that there was little publication bias as the data values were scattered around the midline (Supporting Information Appendices S2 and S3). All of the included studies scored >70% and of high methodological quality (Supporting Information Appendix S4). The method of choice in application of the required stimuli in nine studies was the methods of limits in which the intensity of a stimulus is gradually increased until the subject perceives the stimulus as painful (pain threshold), or cannot tolerate pain any more (pain tolerance) (Greenspan, 2001) . Two studies used the method of levels (or forced choice) in which a series of predefined stimuli with fixed intensity and duration are applied to the skin in ascending (or descending) order with the participant required to report if the stimulus was perceived as painful or not, or rate its intensity. One study used a suprathreshold testing by applying a stimulus that higher in magnitude than a predetermined pain threshold and then asked participants to rate the intensity of pain on a visual analogue scale (Greenspan, 2001 ).
Analysis of studies on children and adolescents
All three studies investigating children and adolescents found that younger children were more sensitive to noxious stimuli than older children. Lu et al. (2007) included 244 participants aged 8-18 years and found that greater age predicted higher pain tolerance and lower pain intensity and pain unpleasantness rating to blunt pressure and heat stimuli. Girls had lower pressure pain tolerance than boys. Blankenburg et al. (2010) investigated pain sensitivity at the face, foot and hand in 176 participants and found that younger children aged 6-8.12 years had lower pain thresholds to blunt pressure and heat stimuli than both children aged 9-12.12 years and adolescents aged 13-16.12 years. There was no differences between these age categories for cold pain threshold and mechanical pain threshold to weighted pinprick needles. Differences in pain thresholds between older children and adolescents were 'marginal'. Girls had lower pain thresholds to cold, heat and pressure than boys but there were no differences between girls and boys for pain threshold to weighted pinprick needles. Blankenburg et al. (2011) conducted a follow-up study to assess somatosensory perception between childhood and adolescence in 173 boys and girls aged 7 or 14 years. They found that pain thresholds to heat, pressure and weighted pinprick needles were lower in 7 year olds than 14 year olds (Blankenburg et al., 2011) . There was no consistent differences in pain sensitivity response between boys and girls. It was not possible to extract any meaningful data for meta-analysis.
Analysis of studies on adults
Nine studies investigating adults were included in the review. The mean AE SD minimum age category for old adults was 62.2 AE 3.4 and the maximum age category for old adults was 79 AE 4 years. The mean AE SD minimum age category for younger adults was 22 AE 1.5 and the maximum age category for younger adults was 39.1 AE 8.8 years. Seven of nine studies found statistically significant age-related differences in pain sensitivity response between old and younger adults but the direction of change was inconsistent (Table 1) . Three of four studies found that pressure pain threshold was lower in old compared with younger adults (Pickering et al., 2002; Lautenbacher et al., 2005; Cole et al., 2010) . Edwards and Fillingham (2001) found no differences in pressure pain threshold between old and younger adults. Four of five studies found no differences between old and younger adults for heat pain threshold (Edwards and Fillingham, 2001; Pickering et al., 2002; Herr et al., 2004; Lautenbacher et al., 2005) . Helme et al. (2004) found that heat pain threshold was higher for old adults. Marouf et al. (2014) found that electrical pain threshold was lower in old adults whereas Helme et al., 2004 found that electrical pain threshold was higher for old adults. Riley et al. (2010) found higher ratings of contact heat pain in younger participants and Kemp et al. (2014) found higher ratings of laser-induced heat pain in younger participants. There was insufficient data to undertake meta-analysis of studies measuring electrical pain threshold or pain intensity rating.
Meta-analysis of heat and pressure pain thresholds
Data was pooled from four studies that measured pressure pain threshold (180 participants; 82 men and 98 women) and five studies that measured heat pain threshold (355 participants; 172 men and 183 women). Data for studies by Cole et al. (2010) , Helme et al. (2004) , Kemp et al. (2014) and Lautenbacher et al. (2005) was estimated from graphs provided in the original reports. Standard deviations were calculated using Graph pad (quick calcs) for studies by Edwards and Fillingham (2001) and Cole et al. (2010) . Pressure pain threshold was lower for old compared with younger adults (Z = 2.867, p = 0.004, Fig. 2 ). There was substantial heterogeneity across studies (Qvalue = 15.373, df = 6, p = 0.018, I 2 = 60.970%). There were no differences in heat pain thresholds between old and younger adults (Z = À1.464, p = 0.143, Fig. 3 ). There was substantial heterogeneity across the studies (Q-value = 61.433, df = 6, p = 0.0001, I 2 = 90.233%). 
Discussion
This systematic review included nine studies on adults and three studies on children and adolescents. Seven of nine studies found statistically significant age-related differences in pain sensitivity response between old and younger adults but the direction of change was inconsistent. Meta-analyses provided tentative evidence of lower pressure pain thresholds in old compared with younger adults, but no differences in contact heat pain thresholds. Substantial heterogeneity and small sample sizes undermines the trustworthiness of the meta-analysis. There was evidence from three studies that younger children were more sensitive to noxious stimuli than older children and adolescents. Despite the tentative nature of our findings, the possibility of age-related changes in pressure pain sensitivity but not heat pain sensitivity in adults is interesting. It implies differential age-related changes in the structure and function of sub-types of nociceptors and transmission pathways in adults and a possible reduction in reaction time to mechanical stimuli. Kemp et al. (2014) found that Ad-fibre evoked somatosensory potentials had longer latencies and reduced peak-to-peak amplitudes in old compared with younger adults, whereas C-fibre evoked somatosensory potentials did not manifest differences. This suggests that ageing may reduce functionality in myelinated Ad-fibres but not unmyelinated C-fibres, although whether this would translate into detectable differences in pain perception is not known. It is unlikely that age-related differences in sensitivity to noxious heat and noxious pressure would be due to reduced functionality of Ad-fibres on its own because both heat and mechano-nociceptors conduct impulses via Ad-fibres (Curatolo et al., Cole, et al. 2010 0 Figure 2 Forest plot of the standardised difference in mean with 95% confidence intervals between younger and older participants for heat pain threshold. Main effect data are shown in the bottom row. Favours A = younger participants have lower heat pain threshold than older participants. Favours B = older participants have lower heat pain threshold than older participants. 2000; Dubin and Patapoutian, 2010) . Most studies included in our review delivered noxious heat stimuli using contact thermodes activates various sub-types of cutaneous heat-nociceptor (Olesen et al., 2012) . Likewise, blunt pressure algometry activates various sub-types of mechano-nociceptors located in skin, muscle and connective tissue (Kosek et al., 1999; Olesen et al., 2012) . Evidence suggests that pain perception is correlated with activation of some but not all sub-types of heat and mechano nociceptors (Dubin and Patapoutian, 2010) . Moreover, judgements of pain threshold are also influenced by differences in central nervous system processing of noxious peripheral input from superficial and deep tissue and differences in pain modulatory processes. For example, descending inhibition of noxious transmission is stronger when peripheral input arises from visceral and musculoskeletal nociceptors than cutaneous nociceptors (Wall and Woolf, 1984; Yu and Mense, 1990; Mense, 1993) . Endogenous pain inhibitory processes diminish with aging (Washington et al., 2000; Edwards et al., 2003) and this has been suggested as a contributory factor to observations of old adults with chronic musculoskeletal pain having lower thresholds to pressure pain (Gibson and Helme, 2001 ). However, pain perception is influenced by biopscyhosocial and environmental factors agerelated changes in pain perception is likely to be a complex phenomenon.
Our review offers tantalising evidence that young children may be more sensitive to noxious pressure than older children and adolescents. To date, there has been little research on puberty-related changes in pain perception, although it would be expected that developmental changes occurring at puberty would affect pain physiology. It has been suggested that sex differences in pain perception are greater during reproductive years in women because pain sensitivity is believed to decline post-menopause (LeResche et al., 2005) . Developmental mechanisms affecting pain response at puberty include nociceptive system maturation and increased innervation density (Goodenough et al., 1997; Fitzgerald, 2005) . Further research is needed to determine whether causal developmental mechanisms affect pain perception in childhood and adolescent.
Limitations of the review
The search strategy used in our review was comprehensive and the manual search of reference lists of systematic reviews and key articles helped to ensure that no critical studies had been overlooked. We were able to pool data extracted from studies that did not primarily aim to evaluate age-related changes in pain sensitivity but nevertheless met our eligibility criteria. This improved the statistical power of the meta-analysis although there were still low number of studies with small samples sizes and substantial statistical heterogeneity so caution is needed for inferences made from our findings. Methodological diversity between studies often confounds reviews of this nature (Fillingim et al.,1999; Alabas et al., 2013) and there was significant variability in gender, ethnicity, age, weight, height, body fat composition, cardiorespiratory fitness, employment status, and activity levels of participants in the included studies. There was also diversity in cutpoints used to categorise old versus younger adults. For example, the mean AE SD age of old adults in the study by Edwards and Fillingham (2001) was 62.2 AE 3.4 years and 78.9 AE 6.7 years in the study by Helme et al. (2004) , with younger adult groups aged 22.4 AE 2.2 years and 30 AE 2.1 years respectively. Often specific operational details of studies were absent from trial reports. Critically, briefing information provided to participants and instructions given to participants to aid their judgements of pain thresholds was minimal. There needs to be more precision and detail in the documentation of these factors in study reports.
Implications
This review highlights a paucity of robust research evidence on age-related changes in pain sensitivity across the lifespan. In contrast, a recent systematic review of sex/gender-related differences in pain sensitivity included 122 studies (Racine et al., 2012) . The paucity of research is worrying because the prevalence of pain and frailty in the elderly is increasing as people live longer, placing a greater burden on health services (Rastogi and Meek, 2013) . It is recognised that there is inadequate management of pain in the elderly, yet research on pain and its management in elderly people lags that on younger adults. Our systematic review reveals the need for more primary studies to determine whether age is an independent causal factor in pain perception in the elderly to inform age-specific guidelines for the management of pain.
Conclusion
There is insufficient evidence to determine with confidence whether there are age-related related changes in pain sensitivity response in healthy individuals. This systematic review of 12 studies provides tentative evidence that old adults have lower pressure pain thresholds than younger adults but there are no differences in contact heat pain thresholds. Substantial statistical heterogeneity in the meta-analyses limits confidence in these findings. The finding that younger children were more sensitive to noxious stimuli than older children and adolescents was based on a low number of relatively small sized studies. We recommend further studies that compare pain sensitivity response between different age groups matched for sex/gender, body mass index, ethnocutural background and socioeconomic variables. There is also a need for the development of standardised classifications of younger and older (and possibly other) age categories by which agegroup comparisons across studies can be reliably assessed.
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